Gas-solid two-phase flows occur in a large number of natural phenomena, of which pyroclastic flow is a typical example. Japan has many active volcanoes and thus many regions are vulnerable to disasters caused by pyroclastic flows. In order to prevent these disasters, the understanding on dynamical processes of pyroclastic flow is important Hazard maps and disaster prevention facilities against pyroclastic flows should be produced based on such knowledge. In this study, a new simulation model of pyroclastic flow based on hydrodynamic principles was proposed. The present simulation model can use a 3-dimensional topography data mesh and analysis flow path and spread width of pyroclastic flows in addition to predicting the main parameters such as flow velocity. And the proposed model applies to real field in Mt. Fugen.
Introduction
Flows consisting of solid particles mixed in gas, referred to as gas-solid two-phase flows, can be observed in a wide variety of phenomena in nature. One of such phenomena is a pyroclastic flow, which is a fluid of pyroclastic materials (e.g., volcanic ash and lapilli) mixed in air that flows down the slope of a volcano after eruption into the air by volcanic activity. The flow of these materials down the mountainside is highly turbulent due to high downstream velocity, causing a fraction of the material to be continually ejected into the air, where some material remains for some time. Because the particles gradually sink to the bottom of the flow, pyroclastic flows reach further distance from the mouth of the volcano.1) Powder-snow avalanches, which occur in particularly cold locations in the mountains in winter, are other example of natural gas-solid two-phase flows. These occur when large numbers of snow particles are suddenly disturbed, usually by the wind, and begin to move down a slope. The motion of powdersnow avalanches closely resembles that of thermals. examined the mechanisms of powder-snow avalanches using mass conservation equations and succeeded in reproducing the entire process of explosive growth of the snow mass with distance downstream. In comparisons of pyroclastic flows with powder-snow avalanches, the snow particles are replaced by pyroclastic materials, but the gas-solid two-phase flows are otherwise very similar, involving mixing of fine solid particles with air, and descent of flow along sloping surfaces. But, there remains one important difference. There is almost no temperature change along the flow path of a powder-snow avalanche, which happens in the coldest part of winter, whereas a pyroclastic flow undergoes a marked change in temperature with downstream; beginning at a very high temperature and cooling as it continues down the side of the volcano. The viscosity of high-temperature air is much higher than that of air at closer to room temperature, slowing the fall of hot suspended pyroclastic materials. Fukushima and Kagiyama3) proposed an analytical model for pyroclastic flows based on Fukushima's model for powdersnow avalanches, with an additional fundamental equation to account for temperature change. Using actual data recorded in the path of a pyroclastic flow at Mt. Fugen, the final flow distance, abrupt acceleration at eruption and other parameters were successfully reproduced by this extended model.
However, the Fukushima-Kagiyama pyroclastic flow model3) is a one-dimensional (1D) model, and it is necessary to add data concerning the flow path. Another limitation is that the stream is assumed to be of unit width, that is, the model does not account for the lateral spread of an actual flow. Therefore, it is difficult to incorporate the influence of other factors, such as the frictional coefficient due to the variation in shape of pyroclastic flows. The shape of the flow path and the lateral spread of the stream are critical parameters in disaster mitigation, for which flow models are important in the creation of hazard maps and designing disaster mitigation facilities.
In the present study, the Fukushima-Kagiyama model3) is used as the foundation for a new model into which a mesh of th ree-dimensional (3D) site topography data is incorporated. A two-dimensional (2D) analytical model of pyroclastic flows is proposed for predicting the flow path of a pyroclastic flow from any arbitrary point. This model is intended to predict lateral spreading, with an analytical region expanding to include the entire volume, and accounts for friction due to stream shape change and other factors. And the proposed model applies to real field in Mt. 
•E Maximum spread width equation
In this study, the fourth-order Runge-Kutta method was used to calculate. (Time step was 0.2s.)
The fundamental equations for the previous 1D model and the present 2D model differ in the following ways. Expanding the analytical region to the entire volume of the pyroclastic flow requires some new parameters, including the interface area (Si), which replaces the interface length (pi), the area of the base contact surface (Sb), which replaces the length of the contact Pb), and the pyroclastic flow volume (Vo), which replaces the area at unit flow length (A). For the lateral spread of the flow (Eq. (9)), Fukushima's 3D formula for inclined thermals is employed.5) As the 2D model handles this parameter as an unknown variables of the downstream flow path, the equations of motion are broken up into vectors in the x and y directions , and fundamental equations are added to represent the horizontal location in both directions.
As mentioned earlier, simple thermal flow is a single-layer phenomenon, while pyroclastic flow is a gas-solid two-phase flow consisting of pyroclastic particles that are constantly entrained from bottom and allowed to free-fall. The total number of particles thus varies constantly along the flow path . This process is evaluated using the mass conservation equation of the flow. The left side of Eq. (2) expresses the time-based changes in the amount of pyroclastic material, and on the right side , the The 2D model used in this study employs a large number of coefficients, the most important of which are listed in Table 1 .
Constitutive equations for 2D model
As the fundamental equations of the 2D model include many unknowns, the above equations alone are not sufficient to provide solutions. Some additional assumptions are thus made according to the constitutive equations.
Absolute velocity (Uabs) can be expressed as
Here, ƒÁ is the angle made by the slope with the vertical axis, and can be expressed by
The length of the contact interface between the flow and the ground (Pb) and the length of the interface with the air (Pi) are approximated using the experimental results of Fukushima2) and Beghin et al.:4)
The shape of the flow is also assumed to be semi-ellipsoidal in the lateral direction. The flow volume (Vo) and the area of contact with the ground (Sb) and air (Si) are then given by the following geometric relations:
where ƒ¿1
is a correction factor with value of 1 or higher. 
CD can be approximated by Schiller's equation (see Graf 6) :
where the Reynolds number (Re) is given by the following expression using the kinematic viscosity of the air (v) and particle diameter (Ds):
•\ 858•\ Table 2 Influence of pyroclastic particle diameter and temperature on fall velocity and other properties
The fall velocity of the pyroclastic materials is estimated by assuming equilibrium between the particle weight and the drag of the particle in the air. The equilibrium equation is as follows:
It is clear from relations (24)-(26) that vs varies with particle diameter (Ds) and temperature (T). Table 2 Here the ratio between the base density and the mean density 
The surrounding air is entrained into the pyroclastic flow as the flow proceeds. Although the flow grows wider, if the slope is steep, the air entrainment coefficient (Ea) is approximated using the experimental results of turbulent thermals of Escudiere t al.:8)
Fukushima and Kikuchi et al. 9) showed that as long as the diameter of snow particles is set to an appropriate value, the entrainment coefficient of snow particles into wind-blown snow streams is well represented by the equation obtained by Garcia10) for open water channels flow with suspended sediments. As pyroclastic flows and wind-blown snow are both gas-solid twophase flows involving fine particles in air, it is assumed for this study that Garcia's equation10) can be applied to find the coefficient of entrainment of pyroclastic materials (Es):
where Z is a dimensionless coefficient defined by Rp is the Reynolds number of the particles for a given particle diameter, and u* is the frictional velocity: Fig. 3 ):
Here, ƒÓ is the angle from the x axis to the ray representing the location of the steepest gradient on the element ( S in Fig. 3 Although the local gradients of the element identified by Eqs.
(38)-(40) are discontinuous with those of neighboring elements, such errors can be reduced by using smaller elements. (1) Topological data This model was applied using a numerical simulation of actual topographic data, the 50 m digital national land information mesh for the vicinity of the Mt. Fugen volcano in Nagasaki Prefecture, which erupted in 1990 releasing several pyroclastic flows. Of particular note was the disastrous flow of June, 1991, which took 43 lives, including those of journalists.12) Activity at Mt. Fugen continued through 1995, resulting in the formation of a new peak, Mt. Heisei Shinzan, and other major topographical changes. The topographic mesh used for the analysis in this study is true to the landforms after those changes. The pyroclastic flows were assumed to originate near the peak of Mt. Heisei Shinzan.
(2) Initial conditions for pyroclastic flow Table 3 shows the initial conditions assumed for the pyroclastic flows. It is assumed that the pyroclastic materials are blown straight upward and then flow down the slope of the mountain. Therefore the initial flow velocity are U abs 0 = Ux0 =U y0 = 0 m/s. The predicted lateral spread (Eq. (9)) is strongly influenced by parameter a B , which is set to 0.05 considering actual deposition of pyroclastic materials.12) As the most accurate value for the pyroclastic particle diameter is unknown, 4 values are tested: Ds = 0.1, 0.2, 0.3, and 0.4 mm, and the influence of this parameter is discussed by comparison of the results later.
Results of numerical analysis
The flow distance, maximum height, and maximum flow velocity are given in Table 4 . Fig.5 shows a 3D view of the paths predicted for three of the flows down Mt. Fugen using the available topographic data. Fig.6 shows the variations in the horizontal width of the flow assuming an ellipsoidal shape. Fig.7-12 shows the variation of main parameter against the horizontal distance.
(1) Results of numerical analysis under principal conditions Table 4 and Fig. 7-12 Table 4 ). Because of this, when particles are large, the fall of particles occurs faster, and the temperature drops more quickly. Table 3 Initial conditions for pyroclastic flow Table 4 Results of numerical simulation *) Height never exceeded the initial value of 50 m in Case 4 (2) Flow path of pyroclastic flow Fig.6 shows considerable widening of the body of pyroclastic materials, which is assumed to be semi-ellipsoidal, and particularly prominent widening in Case 1, for which the particles were the smallest among the cases. This is because the velocity was higher in the other cases, and the volume increase was greater. The flow width estimated using Eq. (9) predicts a monotonic increase, which is typical for observed pyroclastic flows. Fig.5 and 6 also indicate that the ultimate flow paths differed considerably due to particle diameter ( Ds ). With Ds = 0.1mm, the flow was predicted to continue straight to its endpoint with almost no changes in direction (i.e., to the southeast). In contrast, with Ds = 0.2mm, the flow proceeded approximately 2000m down the mountainside, but then made a sharp turn from southeast to east, following the steepest local slope on the mountain. As Fig.9 clearly shows, the speed in Case 1 was so high that it actually ran upslope at Mt. Iwatoko (see Fig.  5 ), then began dropping again, still in the southeast direction. In Case 2, however, the speed was lower than in Case 1, and was thus unable to overcome any slopes, turning to follow the steepest slope. The route for Case 3 also differed from the other routes. As larger particles fall back into the flow much faster than small ones, the speed of the flow is reduced. Therefore, the initial speed of Case 3 was lower than in the preceding cases, and the flow was thus strongly influenced by the greatest gradient of the slope (see Fig. 6 ). Therefore, there were no topographical features such as Mt. Iwatoko to present any important obstacles to the flow, and the flow never turned as predicted in Case 2. Instead, the flow continued southeast. As Fig. 9 shows, the flow in Case 2 decelerated after approximately 2000 m of horizontal travel, while in Case 3, there was no great deceleration and the flow was faster than in Case 2. The total length in Case 3 was over 1500 m greater than in Case 2.
The existing 1D model employs topographic data from the downstream path and is thus unable to predict the influence of complicated topographic features on the flow. However, the extension of that model to the present 2D version allows such features to be taken into account, providing more realistic reproduction of pyroclastic flows. River (see Fig. 5 ).12) In the numerical results of Case2, the flow path was similar to actual pyroclastic flow in 1991. By using patterns of the destruction, the maximum velocity of the actual flow is estimated to be 50-70 m/s, which is consistent with that predicted by the numerical results for Case 2 (52.6 m/s). Also, difference of stopping position between numerical result for Case2 and field result is small enough. A 2D model of pyroclastic flows was constructed and employed to investigate the flow prediction for different pyroclastic particle sizes using actual topographical data from the Mt Fugen volcano. This simulation indicated that particle size has a great influence not only on the most important parameters of speed and height of the flow, but also on the path taken by the flow. With appropriate selection of the particle size, the path of the pyroclastic flow from the Mt. Fugen eruption and abrupt acceleration observed immediately following the eruption were successfully simulated numerically. The 2D pyroclastic flow model proposed in this study is applicable to prediction of flow paths and changes the shape, and representing essential information for the creation of hazard maps. At present, the model relies on many assumptions concerning the constitutive equations, dimensionless coefficients, and other conditions. If more field data can be gathered and examined, and further experiments conducted, the constitutive equations and coefficients can be refined, thereby improving the accuracy of this model.
